We present a simple method for fabrication of gold microelectrode by use of femtosecond laser modification combined with successive electroless gold plating. The fabrication procedures mainly include (1) femtosecond laser direct writing for generation of silver seeds, (2) electroless plating for selective growth of gold in areas modified by femtosecond laser irradiation, and (3) postannealing at 300 °C for 1 hr for improving adhesion. We find that for successfully achieving selective deposition of gold, the composition of plating solution needs to be carefully chosen and optimized. We demonstrate good electrical conductivity and excellently adhesion of the microelectrode.
Introduction
In the past decade, lab-on-a-chip (LOC) technology have attracted increasing attention [1] [2] because of its capability of downsizing chemistry and biology using highly integrated micro-devices. Common functions required by LOC devices include microfluidics, micro-optics, micromechanics, and micro-electrodes.
Recently, it has been shown that femtosecond laser source, which is a tool for ultrafast science research [3] , can be employed for fabrication and integration of multi-functional components in glass, making it an ideal tool for manufacturing of LOC systems [4] [5] [6] . In particular,
fabrication of microelectrodes has been demonstrated with femtosecond laser direct writing and successive electroless copper plating [7] [8] , which has been used for electro-optic integration or construction of micro-heaters on microfluidic chips [9] . However, for some important analysis applications, copper cannot be used because of its insufficient chemical inertness. On the other hand, due to its stable chemical and excellent physical properties, gold microelectrode has become an important component of lab-on-a-chip devices for many applications, such as single molecular detection [10] , electrophoresis analysis [11] and surface-enhanced Raman scattering (SERS) [12] [13] . The conventional deposition methods for gold microelectrode are vacuum evaporation [14] , electrodeposition [15] and electroless plating [16] [17] [18] . Among them, the electroless plating technique is a simple and cost-efficient approach in which metal deposition can be achieved in ambient conditions without the use of any electrical potential.
Nevertheless, so far, electroless plating of gold in a space-selective manner with femtosecond laser direct writing has not been demonstrated, which will enable one-step integration of a series of functionalities into LOC devices. In this work, we attempt to fabricate gold microelectrodes in fused silica glass using femtosecond laser direct writing followed by electroless gold plating process. We found that for successfully achieving selective deposition of gold in the femtosecond laser modified areas on the fused silica substrate, the composition of plating solution needs to be carefully chosen and optimized, otherwise no plating could occur. The adhesion of the gold electrodes, which is not sufficiently strong after the electroless plating, can be significantly improved by a postannealing process.
Experimental
The detailed fabrication procedures are illustrated in Thus, the number of scans of the step in Fig. 1 (a) is determined by the width of the groove. Meanwhile, it is noteworthy that without this femtosecond laser ablation (i.
e., the step (a) in Fig. 1) , it is still possible to achieve electroless plating of gold by performing only the remaining procedures. However, the adhesion of the microelectrodes coated on the smooth surface of the substrate will be much worse. On the other hand, this ablation step will allow formation of gold wires embedded in the glass substrate, which may be useful for 3D integration as we have demonstrated in Ref. 19 . Thus, the role of the ablation step is to create the grooves and the roughness required for ensuring a strong adhesion.
After the dip-coating of the ablated glass sampled with AgNO 3 solution (0.5M/L) (step in Fig. 1(b) ), the grooves were scanned using the same objective but at a lower power (about 8mw). It is found that the grooves turn to black (step in Fig. 1(c) ), suggesting that silver nanoparticles were formed in the grooves which will serve as seeds for the successive electroless gold plating. It should be noted that the scan speed must be reduced for the step in Fig. 1 (c) because to ensure deposition of a sufficient amount of silver seeds in the groove, the scan of step in Fig. 1 (c) was operated manually. During the scan, we monitor the sample under the microscope in real time.
When high-quality deposition of silver nanoparticles in the grooves occurs, we can observe that the color of the groove becomes dark due to the absorption of light by the silver nanoparticles. If the darkening of groove is not significant by one scan, we will apply more scans until the satisfying result can be obtained. In our experiment, we found that the sufficient darkening of the groove during the step in Fig. 1(c) is necessary for a high-quality electroless plating.
After this step, the glass was thoroughly rinsed in water (60 °C) since rinsing of the glass substrate in hot water at this temperature was reported to improve the adhesion of the gold to glass [20] . Next, the Ag-coated chip was immersed in a gold plating solution for growth of gold in the grooves. It is noteworthy that we have tested in our experiment several kinds of gold salts such as KAu(CN) 2 , HAuCl 4 and NaAuCl 4 , and found that only a solution consisting of 127 mM Na 2 SO 3 , 625 mM formaldehyde, 7.9 mM Na 3 Au(SO 3 ) 2 [21] and a very small amount (about 1~2 mg) of bipyridine, for about 1 hr in 65 °C water bath provides excellent performance. In this step, the Ag particles are act as catalyst and the reaction can be described as [21] :
Although the reason is still unclear, we speculate that it is due to the different chemical stabilities of these plating solutions. Finally, the glass with the electroless plated gold pattern was annealed at 300 °C for 1 h for enhancing adhesion.
Fig. 1. Schematic illustration of the fabrication process
Results and discussion Figure 2 shows an optical micrograph of the top view of a straight gold wire formed on the glass substrate. The width of the wire is about 15 µm. It can be seen that the groove is fully filled with gold, leading to the uniform and continuous wire. µm. It is reported in Ref. [22] that an array of such gold microelectrodes can be used for investigation of the binding ratio of the magnetic beads with the target samples (i.e. leukocytes or gDNA). annealing temperatures (e. g., 400 °C), and found that it caused deformation of the substrate (i. e., the cover glass).
Therefore, we reduce the annealing temperature to 300 °C for avoiding this issue whilst in the meantime, to ensure a strong adhesion. It should be noted that in our previous experiments, we observed over-plating of the gold which grows out of the areas defined by the grooves. The over-plated gold on the glass surface can be efficiently removed using the mechanical polish, whereas the gold embedded in the grooves remains unaffected thanks to the strong adhesion resulted from the post-plating annealing.
However, in this addition polish process, we found that some gold wires would break in places where adhesion is not sufficiently strong. Thus, we determine that polish should be a very stringent test on the adhesion of the gold wires, and employ it as an additional method for examining the adhesion. We found that to achieve the high-quality electroless plating of gold in this experiment, the electroless plating solution must be carefully chosen. In fact, we have tried several different kinds of electroless plating solutions, and found that only the solution mentioned above results in formation of high-quality microelectrodes. This might be due to the more stringent requirements on the chemical properties (e. g., PH values) for the other kinds of plating solutions. To clarify this, further investigations are needed.
In addition, it is also observed that over-deposition of gold could easily occur, resulting in formation of undesirable gold films on the surface of glass surrounding the embedded microelectrodes. Although this gold film can be easily removed by a mechanical polish, we found that over-deposition can be efficiently suppressed by adding a small amount of bipyridine in the electroless plating, which serves as the stabilizer.
Conclusion
In summary, we have demonstrated the selective electroless plating of conductive gold microelectrode 
